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ABSTRACT 

Since the advent of power electrical machinery, the problem of 

improved voltage regulation has always been a dominant factor. 

Recently, the Bendix Corporation has designed a new aircraft voltage 

regulator using transist orized components. 

This regulator was considered to be a non-linear degenerative 

feedback unit. Using the well defined procedures of servo analysis, 

dynamic and frequency response tests were taken of the regulator and 

the regulator-generator system. These tests were evaluated with a 

view toward developing a regulator describing function and a system 

function. 

The writers wish to express their appreciation for the assistance 

an~ time given them by Doctor George J. Thaler, of the U. S . Naval 

Postgraduate School in the experimental research of this paper. 
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CHAP1'r.R I 

THE PROBLEM OF VOLTAGE REGULATION IN AIRCRAFT ELECTRICAL SYSTENS 

Vol tage regulation has long been n problem encountered by the systems 

design engineer. Maintenance of ~losely regulated voltages has required 

e qu ipment beyond the generation stage and has necessi tated load equip

ments which could withstand input voltage variations. For many years a 

serious limit has been placed upon the performance of aircraft electrical 

systems due to inadequate voltage regulation. With the advent of the 

modern day high performance aircraft and the equally intricate weapons 

systems, the need for good regulation has been greatly increased. 

The need for voltage regulation is readily apparent with considera

tions of a generator's performance. Every generator has resistance and 

reactance in its armature winding. If it is considered that the internally 

generated voltage is constant, then the terminal or output voltage of the 

generator is the generated voltage less the voltage drops in the armature 

resistance and reactance. Hence, the terminal voltage variations depend 

upon the current supplied by the generator. By varying the internally 

generated voltage of the generator, the terminal voltage may be adjusted 

to the desired value . Herein lies the function of the external voltage 

regulator. 

In the past the voltage regulation problems have been met with either 

carbon pile regulators or circuits employing magnetic elements in the 

amplifier. However, both these types of regulators have imposed limita

tions upon the performance of aircraft due to the time delays inherent to 

these designs. The advances made in recent years in aircraft and airborne 

equipment have demanded better stability of line voltage and a reduced delay 

time. 
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There are rnany particular instances in ~1hich the performance of a 

quick acting regulator with n~rrO\J steady state limits can be o f value 

to the design of e l ectrical and electronic equipment. For instance, 

semiconductor components such as rectifiers, diodes and switching trans

istors used in a-c circuits, can have a lower peak-inverse-voltage and 

hence a lower cost if transient overshoots on the primary a-c bus are kept 

to a low value. In many of these applications the power handling capability 

of the semiconducto r is directly proportional to the PIV: hence, a bEtter 

transient response would give maximum utilizati on o f the power handling 

capacity of these components. 

Where a regulated d-e supply is required, using semiconductor rectifi

ers and well designed transformers (with suffici ent ly good regula.tion) with 

close regulation of the primary a-c supply, the need fo r regulated trans

formers is eliminated . vmere ther~al characteristics of components are de

signed to close limits, close control of the rms value of the a-c supp ly is 

essent ia 1. 

"~ere the a-c system is used for timing or waveform selection process

es as i n radars or compute rs, excessive trans ient variat i ons can cause in

tolerable computational errors. 

Low frequency amplitude modulation cannot be tolerated in aircraft, 

f or it can appear as an erroneous command for equipment such as an auto

p:i.lot. 

The above examples are pertinent to aircraft, but in general they apply 

to all installations. Taken as considerations in design of a system, it is 

evident that both transient and steady-state voltage deviation from the 

optimum operating point should be as small as possible and that voltage 

modulation must be avoided. 
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Ideally, airborne voltages should remain at some predetermined, 

fixed value at the alternator output. This is not possible. Hence, 

designs must be comp romised in weight or performance or both to tolerate 

a degree of voltage variation. That is to say, additional equipment must 

be added to the alternator to limit voltage transients and to maintain the 

steady-state output constant or nearly so. Most electronic circuits will 

operate satisfactorily to acceptable limits of accuracy within a reason

able voltage spread; however, one given voltage will give the best perfor

mance. In order to achieve satisfactory per formance of a particular 

radar set it has been estimated that 14% of the vacumn tubes and 6% of the 

weight were used to stabilize a + 5% variation in the input voltage. In 

another radar set it was required to use a 37.5 pound voltage regulator to 

operate the magnetrons at maximum rating regardless of the line voltage 

variation due to a transmitted power variation of 22% wi th a line voltage 

variation of 12-1 1 4%. Using equipment voltage regulators which require 

such large space, weight and heat dissipation provisions, penalizes the 

weapon system design. To set general limits under which a power system 

must operate in all circumstances, Mi litary Specifications are established 

as a criterion for performance. The specifications which app ly to a-c 

aircraft systems require that the a-c system shall be a 3-phase, 4 wire 

"Y" system having a nominal voltage of 115/200 volts rms and a nominal 

frequency of 400 cycles per second. The neutral point of the source of 

power shall be grounded. With a balanced load the steady-state average 

voltage for the three phases shall be within the limits of 114.0 to 116 . 0 

volts rms. The phase voltage is the voltage from line to neut ral. The 

steady-state voltage for each phase under ba lanced conditions shall be 

within the limits of 113.5 to 116.5 volts rms. 
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Voltage amplitude modu lation is the cyc li c variation or random dynamic 

variation about an average va lue of the a-c peak voltage dur ing steady-state 

operation such as that caused by voltage regulation or speed regulation. 

The modulation amplitude shall net exceed an amplitude of 2.0 volts when 

measured as the peak-to-valley difference between the minimum voltage reach

ed and the maximum voltage reached on the modulation envelope over a period 

of at least one second. 

Transient voltage variations shall be maintained within the limits 

shown in Fig. 1. 

Though these specifications are explicit, they are a compromise to 

the performance of the regulation devices used in the past and are not a 

criterion for better performance. 

The advances made in the semi-conductor art in recent years led the 

Red Bank Division of the Bendix Aviation Corporation to begin a development 

program in 1957 on a n all-transistor amplifier for voltage regulation. The 

inherent short delay . time of the transistor in many applications proved·to 

be well adapted to use in a q1 ick acting voltage regulator. In a ddition, 

a transistorized regulator was designed to be of minimum size and weight . 

Bendix successfully completed their design and now is in limited production 

of several transistor regulators. The regulator, type 20B63, has the follow

ing particulars: 

Nominal voltage setting ••••••••••••••••• llSv 

Voltage Adjustment Range ••••••••.••••••• l05-12Sv 

Regulation Tolerance ••••••• • • ••••••••••• ± 2% 

l..Te ight (maximum) •••••••••• •••••••••••••• 3 pounds 

The basic concept for this thesis lay in voltage regulation as a 

feedback control system. Though this is not a startling propo sal, it 
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was decided that an investigation of the transistorized voltage regulator 

a l one and in a compatible system would be an interesting and worthwhile 

expe r imental project. 

To inve s tigate a system that is in satisfactory operation and tha t 

employs a late model alternator and a transistorized regulator the fol l ow

i ng componen t s wh ich are matched for operation together \·lere obtained. 

Be nd ix A-C Generator Type 28E20 

Bend i x Voltage Regulator Type 20B63-l-A 

Since the sys tem is a three phase, four wire system, experimental 

procedures a s we l l a s objectives had to be determined. In order to ut ili ze 

the theory o f s e rvo-mechanisms and its procedures for handling non linear 

and approxima tely linear components, the tests were designed to para lle l 

those used for t he conventional a-c or d-e servo-system. Experimenta l pro

cedures a s de s cribed later in the text, were designed to give the frequency 

response of the regulator and to check the time constant with transient 

response tests. Through a series o f tests a transfer function or a describ 

ing function f or t he regulator was anticipated. After developing the ap

p roximately l inear transfer function for the alternator in the desired opera

ting r ange, a mathematical representation of the closed loop system was ob

tained. Fr om t he mathematical approach, prediction of the closed loop re

sponse of the system was made. Closed loop frequency and dynamic tests 

were used t o verify all results. Since the regulator contains a complex-

ity o f non- l inear components as seen in the next chapter, no quantitative, 

analyt ic analys is was deemed feasible. The qualitative analysis of the 

regu lator provides a complete insight to its operation. 
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CHAPTER II 

OPERATION OF THE VOLTAGE REGULATOR 

A. General Operation. 

The primary component of this thesis analysis was a type No. 20 B 

63-1-A transistorized aircraft voltage regulator, manufactured by the 

Bendix Aviation Corporation. Photographs of the inside and outside of 

the regulator may be seen in Figures (2), (3), (4), (5), (6), and (7). 

The regulator is light weight and compact, although the internal circuitry 

is quite intricate. The size of the regulator may be seen by comparison 

with the ruler in the photographs. 

This regulator was designed to service a type 28E20, 20KVA aircraft 

generator. This generator is a 115/200 Volt, 400 CPS machine. 

The principle purpose of the regulator is to sample the three phase 

generator o~tput and to convert any deviations from the base voltage by 

changing the voltage across the generator exciter. 

Figure (8) shows the circuit diagram and the list of components for 

the 20B63 regulator. Basically, the three phase, WYE connected voltage 

enters the primary side of the regulator transformer at terminals F, G, H 

and D (neutral). A WYE-DELTA voltage transformation takes place. The 

Delta secondary output is then rectified, partially filtered and goes to 

the detector circuit. In the detector circuit, the voltage is compared 

with a pre-set level, so constructed that the detector output signal is 

inversely proportional to the voltage supply. 

The output from the detector circuit is then sent to the first of 

four cascaded transistors. This transistor amplifies the signal and sends 

it on to the second transistor which again amplifies the signal and sends 

7 



FIGURE 2 nTXRNAL VID OF RIGOI.ATOR 

• • :s 

INTERNAL VIEW o:r REGULATOR 



·---

HORIZONTAL SECTION OF REGULATOR 

. , .l 

FIGURE 5 HORIZONtAL SECTION OF REGULATOR 



P'IGURE 6 VERTICAL SECTION OF REGUlATOR 

.I 

FIGURE 7 VERTICAL SECTIOO OF REGULATOR 



·;,. 
Cl ~.8 uf capacitor 
c'2 6~8 uf ' capacitor 
C3 6.8 ut capacitor , 
CRl Full-wave semiconductor 
device assembly 

CR2 Silicon diode , ; SV 309? 
ICR3 Positive semiconductor-device 
. CR4 Negative semiconductor devi ce 
icR5 Silicon rectifier diode ; SM 224 
!eRG Silicon rectifier diode , SM 224 
Kl Relay · 
Ql N-P-N silicon transistor, 2N656 
Q2 N-P-N silicon transistor, 2N656 
Q3 Silicon power trnnsi stor, 2N389i 
Q4 Silicon power transistor , ST?046-l 
Q5 Silicon power transistor, ST?046-l 

Tl 

Rl 600-ohm resistor 
R2 250-ohm resist or 
R3 100-ohm resistor 
R4 15-ohm resist or 
R5 1000-ohm resistor 

~ R5 500-ohm resistor 
R? 125-ohm resistor 
R8 125-ohm resistor 
R9 2000-ohc resistor 
RlO 500-ohm potentiometer 
Rll 825-ohm resistor 
Rl2 30-ohm resistor 
Rl3 10,000-ohm resistor 
Rl4 10,000-ohm resistor 

.RTl 35-ohm thermal resietor 
Tl 3-phase power conversion 

transformer 

REGULA TOR SCHEl!ATIC DIAGRAM 
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it on. This process is repea t ed t hrough th e trans istor stages un t i l a 

highly amplified signa l is obta i ned a t points A and C Hhich a r e t he output 

terminals to the genera t o r exciter f i eld. 

It should be mentioned here that the output of the regulator is the 

only source of excitation to the generator exciter. That is, the regulator 

not only sends correction signals to the exciter field, but it also pro

vides the excitation for the generator under steady state conditions. 

B. The Detector Circuit. 

As mentioned in the preceding paragraph, the input to the detector 

circuit is a full wave rectified signal which has been partially filtered 

by an R-C network, so that it takes on a saw tooth wave shape. Referring 

again to Figure 9, it can be seen that this signal is applie d to the de

tector across points 1 and 2, with point 2, being the positive terminal. 

The output is at points 3 and 4 ~ ith 4 being the positive terminal. Figure 

10 shows the input signal and Figure 11 shows the output signal from the 

detector for steady state rated voltage. 

The detector consists of; a zener diode (CR02), a the rm i stor (RT-1) 

and four resistors R-8, R-9, R-10, and R-11. The r esistor R-1 0 is a 

rotentiometer used to adjust for the desired voltage . The thermi stor 

maintains the detector circuit resistance constant f ot vary i ng t empe r a tures. 

The voltage reference level is established by the ?ener diode . A 

zener diode is a semiconductor device which has a very high resis t ance 

until its zener voltage is reached and then for any slight i nc r ea s e i n poten

tial, its resistance becomes very small. To best understand how t he zener 

diode functions in the detection bridge, it would be \vel l to consider some 

hypothetical situations. 
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FIGURE 9 

FIGURE 10 

OSCILLOSCOPE FHOTOGRAHI OF DETECTOR DfPUT 
Scale: Vert. 10 To1te/am , Hor. 100 microsec/cm 

OSCILLOSCOPE PHOTOGRAPH OP' DETECTOR OUTPUT 
Scale: Vert. 10 To1ts/em , Hor. 100 microsee/ 



First, if the gene rat o r is ope r a ting at exactly the correct voltage, 

the signal to the voltage regulator will be slightly above the zener 

voltAge level. Therefore, a current will flow through the zener diode side 

of the bridge and point 3 will be positive with respect to point 1. There 

will also be current flow through the thermistor side of the bridge, so 

that point 4 is positive with respect to point 1. The potentiometer R- 10 

is adjusted so that point 4 is just sufficiently positive with respect to 

point 3 so that the voltage output is just suff icient to furnish the correct 

excitation to the generator exciter after amplification through the trans

istor stages. 

If now the generator output voltage is reduced, the voltage to detector 

terminals 1 and 2 will be reduced. The current through the thermis tor 

side of the detector will be reduced as predicted by Kirchof f 's Laws And 

point 4 will then be at some lower potential than in the previous case. 

On the zener diode side of the detector however, the small change in the 

voltage from 2 to 1 has caused the zener diode to restrict the current flow 

much more severely than on the thermistor side. Point 3 then will be at a 

much lower potential than it was before. Therefore, the net result of the 

undervoltage is that the potential difference between points 4 and 3 has 

gone up sharply. 

When the generator line voltage goes above the rated level the reverse 

situation occurs. That is, there is a potential increAse At point 4. But, 

at the same time there is a much greater potential increAse at point 3 

beca11se the zener diode has allowed A larger current to flow through its 

side of the detector. 

It can be seen there fore, that if the regulator is set correctly, 

any generator overvoltage will r e duce the detector output and there fore 
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the exciter fi e ld signal and any generator undervoltRge will increase the 

detector output and the exciter field signal. It is by this means that the 

regulator serves as a stabilizing feedback element to maintain a constant 

generator signal. 

Referring again to Figures 9 and 10, it can be seen that the detector 

is a distortionless element with a small gain and a 180 degree phase shift, 

which serves to reduce the saw tooth input to the correct detecto r output 

signal. 

C. The Amplifie r Circuit. 

As shown in Figure 8, the output from the detector circuit is put 

across the base (+) and emitter (-) termina ls of the first of four cascaded 

transistors. The bias ing for all of the transistors comes from the Delta 

Secondary of the transformer labeled S-2 in Figure 8. This voltage is full 

wave rectified by the diode units CR-4 and CR-3 and sen t to bias the trans

istors. The bias voltage is varied to each of the respective transistors 

by the different biasing resistors shown as R-1, R-2, R-3, R-4 , R-5, R-6, 

R-7 in Figure 8. All emitters are hiased negat ively. 

The first transistor amplifies the detector signal and sends iL from 

its emitter to the base of the second transistor. Because of the negative 

emitter biasing, the first stage transistor output is at some negative levQl, 

The second trans istor receives the input and again amplifies it. 

This time, however the signal is of such magnitude with respect to the 

voltage supply and collector resistor of the second transistor that the 

transistor is overdriven and its output is a modified wave with the peaks 

of the signals cut-off. 

This procedure is repeated in transistor stages 3 and 4. That is, 

they are both overdriven and each time more of the peak of the signal is 

cut-off as the signal is amplified. This repeated overdriving of the sig1·nl 

15 



l eads to an output of the fourth stage thnt resembles a series of rec

tangular pul ses at some negative d-e level. 

In Figure 8 i t may be seen that the fourth transistor stage consists 

of two parallel ST7046 transistors. Two transistors are used at this point 

to increase the r e liabi l ity of the regulator. 

The output pulses from transistor stage number 4 are in series wi th 

the rectified vo ltage from the Delta Secondary S-2. These two signals 

then combine t o give a series of pulses whose bases are at zero D. C. 

level. This outpu t is present at points A(+) and C(-). These po ints a r e 

the regulat or connec t ion points for the leads to the generator exci t e r . 

Figure 11 shows diagrammatically how the transistor amplifier \vo rks . 

Figures 12, 13, 14, a nd 15 show the output s of the various transisto r 

stages from oscilloscope pictures. Figure 16 shows the rectified vol t age 

from the transformer secondary and Figure 17 shows the regulator output 

which is the sum of t he fourth stage transis t o r output (Fig. 15) and t he 

rectified voltage f rom the delta secondary (F i g. 16 ). All polaroid photo

graphs from the os c i l l oscope were scaled at 10 vol t s/centimeter vert i cal 

and 100 mic ro seconds/centimeter horizontal. 

Becaus e o f the cut-off restrictions on the transistor stages, the 

amplitude the f ourth stage output is always constant for any magnitude of 

signal from t he detector. The width of these pulses is, however proportion

a l t o the out put signal from the detector. The fourth stage transistor out

put is, therefore, a constant amplitude pulse whose width is dependent on 

the error signal from the detector circuit. 

D. Regulator Starting. 

Since t he regulator transistor circuit is desiened to operate about a 

very na rrow range on either side of the 115V line to neutral operating 

16 
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FIGURE 12 FIRST STAGE TRANSISTOR OUTPUT 
Scale: Vert. 10 Tolts/cm , Hor. 100 microsec/em 

FIGURE 13 SEC<JID STAGE TRANSISTOR OUTPUT 
Scale: Vert. 10 Tolts/cm , Hor. 100 microsec/cm 



FIGURE 14 THIRD STAGE TRANSISTOR OUTPUT 
Scale : Vert . 10 Tolts/em , Hor . 100 m1crosec/cm 

FIGURE 15 FOUR'IH STAGE TRANSISTOR OUTFUT 
Scale: Vert. 10 Tolte/cm , Hor. 100 m1cro•ee/em 



FIGURE 16 

FIGURE 17 

_j 

RECTIFIED OUTPUT OF TRANSFORMER SECONDARY (S-2) 
Scale: Vert. 10 Tolts/cm , Hor. 100 microsec/cm 

REGUlA TOR OUTPUT TO GENERA TOR EXCITER 
Scale: Vert. 10 volts/em , Hor. 100 micro8ec/cm 



voltage, some external means mus t be used to get the generator started. 

Referring to Figure 8, this is accomplished by the field flashing 

circuit. To start the generator, the prime mover is brought up to speed 

and an external d,c. supply is applied to the field flashing circuit at 

terminals K (+) and C(-). This provides the generator excitation. 

When the generator is in the vicinity of its rated operating voltage, 

the relay (K-1) activates and opens the contacts in the field flashing 

circuit and allows the regulator output to be applied to the generator ex

citer. The external d,c, supply may then be disconnected from the genera

tor and the regulator is in full operation. 

E. The Regulator Output. 

The output of the regulator is a series of pulses at a frequency of 

2400 cycles per second. This frequency comes from the three phase, 400 

cycle, rectified input to the detector. The three phase, 400 cycle signal 

has 1200 peak values per second. Hhen this three phase signal is full 

wave rectified, the numbers of peaks is doubled to 2400 per sec. Each 

peak input to the detector circuit represents a minimum of detector output. 

Since these minimums are repeated 2400 times per second, the regulator 

pulse output frequency is 2400 cycles per second. 

The output pulse is a nearly rectangular pulse of constant amplitude 

who$e width is dependent on the output of the detector circuit, which is 

dependent on the generator line voltage. The base line of these pulses is 

at g round or zero d.c. potential. The pulses, therefore, give rise to some 

time average, direct current. As the width of the pulses is varied, the 

d.c. value of the pulses is varied. 

Figures 18 and 19 are photographs of the oscilloscope presentat i on of 
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18 shows the regulator output for a 113 volt, line to neutral volta~e a~d 

Figure 19 shows the output for a 116 volt line to nrutral generntor voltage. 

It should be noted that the amplitnde of the pulses is the same, but the 

width of the pulses are not. The 113 volt pulse is wider than the 116 volt 

pulse. These two figures show the capacity of the regulator for Ir.nnufac tur

ing a D. C. level which varies inversely with the generator terminal 

voltage. 

Because the regulator ampli fi er unit is made up of trcnsistors, there 

is a very narrow generator voltage band through which the 1·egulator will 

function linearly. The experimentally found range of linc~r voltag~ opera

tion was from 110 volts, RNS, line to neutral to 118 volts, R.H.S., line 

to neutral. Hithin this range, the load pulses as shown in Figures 18 and 

19 were obtained . Throughout this range, the load pulses had the same 

general shape, differing only in the pulse widths. 

When the generator line voltage Hent over 118 volts, line to neutral, 

hov1ever, a new output picture was obtained. At this high level, there ls 

very little output from the detector circuit. This small output does not 

overdrive any of the transistor am1 lificr stages and the output of th0 

regulator has a very low d.c. level. This point \·laS called l"L'gulatot- "cut

off", as the voltage was increased even further, tltL'lt ~J.•as vt...ry little change 

in the regulator output. 

When the generator 1 ine vo ltnge ,.,.ent be low 110 v d t s, l inc to ncut ra 1, 

a second entirely different picture was obtained. At thi~ lev~l, the 

detector circuit output is so high that the entire Sa\.J' to Hh nut put w:lve 

is at a positive potential. With the entire wave positive, there are no 

22 



FIGUPE 18 REGULATOR OUTPUT AT 113 volts-rms 
Seale: Vert. 10 volts/em , Hor. 100 mi erosee/em 

FIGURE 19 REGULATOR OUTPUT AT 116 volts-rme 
Scale: Vert. 10 volts/em , Hor. 100 mierosee/em 



output pulses. Rather, the transist ors are continuously overdriven 

causing a continuous d. c. level output with an amplitude determined by 

the operating limits of the fourth stage transistor amplifier. This 

position is known as the "saturation level" of the regulator. As the 

generator line voltage was decreased even further, there was no appreci

able change in the regulator output. Figure 20 is an oscilloscope picture 

of the regulator output at "cut-off" and Figure 21 is a picture of the 

regulator output at the "saturat ion level". 

The narrow operation limits of the regulator output do not adversely 

affect the regulator's operat ion at any voltage level. Normally, there 

will not b~ large terminal voltage variations with changes of generator 

loads. If, however, something should happen and the generator voltage 

should either drop below the "saturation level" or rise above the "cut-

off" level, the regulator will either put out its maximum or minimum signal, 

depending on which is required, to return the generator to its correct line 

voltage. 

The regulator is also quite sensitive to the magnitude and type of load 

to which its output signal is being sent . The 20B63 is designe d to excite 

only certain generators whose exciter fields have approximately the same 

impedance. Experimental testing has shown this exciter impedance to be of 

the Resistance-inductance type with the resistance equal to 5.3 ohms a nd 

the inductance equal to .114 henries. All photographs of regulator out

puts in this chapter were shown with the regulator outpu t attached to a 

dummy load of approximately these values. 

If however, the load resi s t ance is either increased or decreased, 

severe output distortion takes place. Further, as the resistance is in

creased the output signal is rapidly reduced becoming zero when the load 
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FIGURE 20 REGULATOR OUTPUT SlOWING CUT-oFF 
Scale: Vert. 10 volts/em , Hor. 100 microsec/cm 

FIGURE 21 REGULATOR OUTPUT SHOWING SATURATION 
Scale: Vert. 10 volts/em , Hor. 100 microsec/c 



resistance is 30 ohms. 

The r egulator output wave shape is also sensitive t o t he ratio of 

resistance to i nductance in the l oad c i r cui t . Under t he nor mal l oa d, the 

inductance acts as an ene rgy storage device which serves to preserve the 

rectangu la r voltage pulse shape and to act as a current damping device so 

that the load current is a straight line, d.c. signal. 

If the inductance is removed from the load, the regulato r cannot 

maintain the square wave pulses acros s the remaining pure resi s t i ve loa d. 

Rather, the leading edges of the pulses are curved showing the high speed 

load transient. The current will of course have the same shape as the 

voltage f or a pure resistive load. 

Figures 22 and 23 are shown t o indicate the regulator outputs for 

varying loads. Figure 22 shows the output to a nearly pure resistive l oad . 

This may be compared \vi th Figure 23 which shows the output for the norma 1 

R-1 load condition. 
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FIGURE 22 

FIGURE 23 

REGUlATOR OUTPUT TO RESISTIVE LOAD 
Seale: Vert. 10 Tolts/cm • Hor. 200 microsec/cm 

REGULATOR OUTPUT TO RESISTIVE/INDUCTIVE LOa\D 
Scale: Vert. 10 Tolts/cm , Hor. 100 microseo/cm 



CHAPTER III 

ACCESSORY EQUIPME~IT 

Th is ch~pter is devoted to the familiarization of the reader with 

some o f the major experimental tools used in this analysis. As will be 

seen i n the subsequent chapters several unusual and sometimes devious 

scheme s we re needed to produce useable results. It is acknowledged t hat 

methods and equipments superior for the purposes at hand are kno\m. How

ever, the e xpe r imental work undertaken used only those tools readily 

available in t he laboratory and those which could be manufactured easily. 

No effo r t is made at this time to fit these devices into their respec t i ve 

experimenta l procedures, but merely to present their construction and 

opera t ion where necessary for clarity in the following chapters. 

A. Generato r and Generator Drive Unit. 

Upon undertaking this thesis project, it became immediately a pparent 

that a 400 cycle per second voltage source was needed. Fortunately a 

Bendix genera t or type 28E20 was obtained without undue complications. 

This generator is compatible for operation with the type 20B63-l-A voltage 

regu l a t or also manufactured by the Bendix corporation. The following 

genera l fact s about the generator were known. 

Cylindrical rotor 

8000 rpm, 6 pole, 400 cps 

3 phase air cooled 

Integrally mounted exciter 

The problem of obtaining a dri.ve of 8000 rpm was solved by using an 

existing laboratory arrangement that had seen use in previous experiments. 
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Figure 24 shows the ar-rangement of components. 

In the lower right side of the picture is the drive motor which \oJaS 

a three phase 220/440 volt induction motor of 7.5 horsepower rating. 

This motor operated at about 3485 rpm under the loading conditions. The 

shaft of the induction motor was directly connected to the input of a 

variable speed gear bo~. The handle in the center of Figure 24 was avail

able for adjusting the output speed of the gear box. A considerable speed 

range was available with this unit which encompassed the desired speed. A 

belt drive connected the output of the gear box with the input to the genera

tor. The generator is shown in Figure 24 with a portion of its cover re

moved to alleviate heating problems. The bare panel in the background of 

this figure contained output t.errninals for the generator and ;ircuit break

er for load application. 

B. Induction Regulators. 

Due to some of the procedures used, voltage drops in the line or in 

other test equipffient caused the input voltage to the regulator being tested 

to drop to an unacceptable low value. In addition it was desired to 

operate the regulator with various input (steady-state) levels without re

setting the internal regulator potentiometer (R-10). Since it was desirable 

to regulate the only 400 cycle supply available, namely the Bendix genera

tor in order to maintain a constant test voltage, it Has decided to use 

some sort of line tranfformation to adjust the base voltage. Three induc

tion regulators were obtained and placed in the line as shown schemitically 

in Figure 25. 

In an induction regulator the mutual coupling between the coils can 

be varied mechanically, thus the output voltage of this device can be 

raised or lowered with rcspec• to the input voltage. As can be seen from 
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the schematic dingram, the regulator arrangement used is equivalent to a 

Y-Y transformer bank with the neutrals solidly connected but not grounded. 

Some difficulty was encountered in this setup. Originally, the "neu

tral" of the regulator bank was grounded. However, this arrangement caused 

the output signal of the induction regulator to be non-sinusoidal in nattre 

and to have varying magnitudes between different phases and ground. When 

the ground was removed, normal sinusoidal waveforms were experienced. This 

arrangement of the induction regulators allowed the voltage magnitude to 

be varied to the desired operating point. 

C. The Amplidyne . 

The amplidyne generator used in this series of experiments was a Gen

eral Electric model 5AM73AB52. The unit was arranged for laboratory work 

with external connection points for all windings. 

The schematic of the mode of connection for the amplidyne used is 

shown in Figure 26. With this arrangement it is possible to excite the 

control fields with separate signals to obtain a desired output character

istic with a signal or signals applied to the control windings, a speed 

voltage is produced across the brushes qq due to the signal produced flux. 

Since brushes qq are shorted through the quadrature axis series winding, 

large currents may flow in this connection for rather small amounts of 

signal current . The quadrature axis current produces cross-magnetizing 

armature react ion and the armature reaction flux is stationary in space 

and centered in the quadrature axis of the machine. This flux gives rise 

to a speed voltage across brushes dd which supply the load. The direct 

axis compensating winding compensates for the armature reaction mmf created 

by the load current and prevents cancellation of the control field mmf and 
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subsequent collapse of the machine fluxes and voltages. The quadrature 

axis ser i es field serves to reinforce the f lux created by the quadrature 

axis c ur r ent. 

The ampidyne generator gives a relatively high power amplifica t ion. 

In addition it affords a method of combining the effects of several 

different signals applied to individual control fields. 

D. The Scot ch Yoke. 

In various operations in the experimental procedures developed, i t 

became necessary to amplitude modulate a 400 cps, three phase vol t age. 

Several methods were attempted to accomplish this end. Varying degree s 

of success were ob tained. 

The most successful method was mechanically modulating the output of 

the generator. To accomplish this a sinusoidal l y varying resistance was 

required in each phase. Additionally, the resistance in each phase had t o 

be the same at each instance of time. Therefore , a "Scotch Yoke" was bu ilt . 

Figure 27 shows a rud imentary scotch yoke. 

The input t o t his system is a constant speed torque applied to fly 

wheel A. Pin B, a ttached to flywheel fits into the groove in the yoke C. 

As the pin rotates at constant speed, the rotational motion is converted 

to translation mot ion of the constrained yoke. If the arm of the yoke is 

meshed to the gear D, gear D will rotate and reverse direction once every 

half cycle o f the flywheel. By varying the radial position of pin B on 

wheel A, the magnit ude of swing of gear D is changed. By varying the speed 

of rotation of the input shaft, the frequency of the swing of gear D is 

varied. 

Thus, if t he mcv~abl e arm of a potentiometer were attached to the shaft 

E, the ins t ant aneous ohmic value of the potentiometer would follow a sinu

soidal variation. 
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The s cotch yoke built for thLs experiment was made from an X-Y 

plotter assembly out of a Navy Mark 1-A computer. The arrangement, as 

shown in Fi gur e 28, allowed adjustment of magnitude of swing during opera

tion. The mecha nism was powered by a 1/8 horsepower d-e shunt motor, hen~e 

continual speed adjustment was available with field and armature rheostats. 

Three sturdy pot entiometers were connected in tandem on the output shaft. 

One thousand ohm potentiometers were used snice they were the on l y ap

propriately constructed ones that were available. 

The major drawback t o the scotch yoke system lay in the mechan i ca l 

limits to the frequency attainable. Due to the loading upon the d-e motor, 

including friction o f t he moving parts, the minimum frequency obtained 

was lcps. In the uppe r r ange of frequencies, a limit was enforced by t he 

gear ratios availab l e and by the ability of the potentiometers to maintain 

good contact. I t was found that this scotch yoke performed very well up 

to frequencies of 25 to 30 cycles per second. 

E. Additional Equipment. 

In addition t o the aforementioned equipments several other major 

units were used . A Bendix type 20B36-3/A, serial RXl, Voltage Regulator 

which was rated a t 115/200 volts, 380/420 cps was used in several arrange

ments to control the generator. 

A motor generat or set was also used. The unit consisted of a General 

Electric, D-C drive mo t or and a General Electric 60 cps A-C generator. This 

generator was part o f a l arge installation with the purpose of generation of 

harmoni c vo ltages. Consequently, it wa s well compensated to give a good 

sinusoidal out put. These two pieces of equipment were mounted together 

and used t o p roduce a sinusoidal voltage ?f varying frequency by varying 
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the speed of the D-C drive motor. The three phase windings of the 

generator had external connections . 

A li sting of all equipment used in the experimental procedures 

presented herein, including test equipment, may be found in Appendix I. 
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CHAPTER IV 

REGULATOR TESTS 

The research for this thesis was begunwith no descriptive regulator 

information available other than the regulator circuit diagram (Figure 8). 

The known Navy and industrial sources were checked for further data on this 

device, but none was available. 

It was possible, however, to make the following initial presumptions 

and observat ions; first, because of the transistorized amplifier stages, 

the regulator was believed to react extremely rapidly to changes in 

generator terminal voltage. Second, the input to the regulator was a 

three phase, 400 cycle, 115 volt line to neutral so~ce which was WYE con

nected with a solidly grounded neutral. The output was a series of square 

wave pul ses at a frequency of 2400 cycles second with some time average value. 

Finally, to operate correctly, the regulator had to incorporate a 180 

degree phase shift. That is, for a voltage rise to the regulator input, 

there had to be a decrease in the output, and for a decreased input there 

had to be an increased output. 

An inspection of the internal circuit ry of the regulator seemed to 

indicate that the research could best be conducted by considering it as a 

non-linear, servo component. It was therefore, necessary to design and 

conduct a series of transient and frequency response tests on the regulator. 

From these tests, it was anticipated that a describing function could be 

obtained to define the regulator. It is the purpose of this chapter to 

discuss the procedures and results of these tests. 

In order for the transient and frequency response tests to have 

significance; it was necessary to consider the variations of only one of 
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the three pha ~ e line to neutral inputs versus the variations in the 

direct current output signal . In other words, while all three phases 

of the input were varied in equal amounts, only one of the phases was 

considered in the test computations and also only the variations in d.c . 

output level were considered and not the actual output pulses . 

A. The Transient Response Tests . 

Basically , a transient response test consists of instantaneously 

changing the input to a component and observing the output response of the 

component due to the input step . From the output transient shape, a 

great deal of information about the component can be obtained. 

The system generator (discussed in Chapter III) was used as the in

put to the regulator. A dummy load of 5.8 ohms resistance and a .110 

henries inductance in series was used as the output. These values very 

closely approximated the generator exciter field values which were the 

normal regulator load. 

Several different methods were used in the transient testing of the 

regulator. A first attempt was made as follows: The generator was ex

cited for 116 volts, rms, line to neutral at no load. The three phase, 

four wire output was then sent to the regulator and through a load breaker 

to three large WYE connected load bank resistors. It was thought that by 

turning the load bank switch on and off a step variation of generator 

terminal voltage would be obtained and the transient d.c. variat on of the 

regulator could be read out on a pen recorder. 

Several tests at various resistance loads were taken and the data 

was analyzed. It was found that the time constant (the time for the out

put to reach 63.6% of the new steady state value) was considerably larger 

than had been anticipated by preliminary research. It was therefore felt 

that the test circuitry was in error. 
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A re examination of the resistive load banks readily pointed out the 

sou ~ce of error . These load banks had a small inductance in them and so 

~~re not purely resistive. It was this resistance -- inductance load 

which was causing the large time constant which showed up as the regu 

lator output. 

A second method of evaluating the transient response was attempted. 

This time the load banks were removed and only the regulator was used as 

the generator load. Between the regulato r and the generator) a slide wire 

rheostat, of essentially pure resistance, was placed in each line of the 

generator output. A three phase shorting switch was placed across the 

three rheostats. It was felt that as the shorting switch \vas opened and 

closed a series of step voltage variations could be imposed upon the regula

tor input. Several tests were made using this method and once again an 

inordinately long time constant was obtained. Besides the long time con

stant, the general shape of the trans ient output seemed peculiar. That is, 

it was nearly linear instead of being the usual exponential shape. 

Once again the theory of the circuitry was examined. This time it 

was found that the faulty time constant was due to an improper usage 

of the regulator as the only generator load. Since the output of the regu 

lator is dependent on the generator terminal voltage, the amount of cur

rent drawn into the regulator is dependent on the regulator terminal 

voltage. 

When the regulator was tested using this method, the load current 

input variation to the regulator became apparent. As the shorting switch 

across the series resistor s was opened, an instantaneous reduction in the 

regulator input voltage occurred. The regulator reacted by increasing its 
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power output as expected . This however meant that the regulator drew 

more current from the generator and therefore, the voltage drop across 

the resistors was increased and the voltage drop at the terminals of the 

regulators was further increased causing it to supply more power output. 

This meant an even larger current drop in and a correspondingly increased 

voltage drop at the regulator . Eventually, the system stabilized itself, 

but the transient data obtained was clearly not representative o f the 

regulator transient . 

The problems involved in the previous testing methods were easily 

eliminated by using the test circuit arrangement shown in the circuit dia

gram in Figure (29). 

This arrangement is basically the same as described above, except that 

slide wire rheostats of essentially pure resistance were connect ed in \~ 

to furnish a relatively high current load. With this large current through 

the lines a relatively small resistance was used to obtain the correct 

magnitude of regulator step input variations. The problem of load cur

rent variations due to the regulator was made insignificant because of 

the much larger current drawn by the resistive load. 

Additional accessory equipment was also added to imp r ove the transient 

results. As shown in Figure (29), a second transitorized regulator was 

obtained and inco rpora ted in the test circuit to stabilize the generator 

output, which was seen to drift slightly when the stabilizing regulator 

was not used. 

The stabilizing regulator was a slightly different type than the 

regulator belng tested. Consequently, it stabilized the generator output 

voltage at a level about 3 volts rms below that at which the test regu

lator was set to operate. Three WYE connected induction regulators were 
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needed therefore , t o raise t he voltage t o the t est r egula to r to i ts correct 

value . A photograph of t he complete test arrangement is shown in Figure 

(30). 

A series of transient tests were made using this circult. By vary

ing the ohmic value of the series rheostats, it was possible to obtain 

steps of various magnitudes . The steps were taken in small increment s 

around the 116 volt operating point from saturation to cut off voltage. 

The result s of the tests were printed out on a high speed Edin Pen re

corder (500 mm/second). When these tests were analyzed, it wa~ noted that 

the transients appeared to have the correct shape , but that the ampli

tudes of the steady state responses to the varlous steps appeared to be 

too small . 

The tests were re-run using meters to check the initial and final 

steady state values and it wa s f ound that the pen recorder readings were 

indeed in error. 

The reason for this error was believed to be that the 2400 cycle per 

second pulses going into the Brush amplifier were attenuated by the ampli

fier, because of thelr high frequency , They were then sent to the re

corder which read out the d.c . value of the attenuat ed signal rather than 

the true d .c. value. 

It was noted, however, that the time scale remained true and also the 

amount of attenuation in the Brush amplifier remained constant as long as 

the amplifier scale setting was unchanged. With this knowledge it was 

possible to evaluate the transient responses test from the recorder tapes, 

using the value of ga in obtained f rom the meter readings . 

The first evaluation made was for the time constant of the regulator. 

Figure (31) shows a table o f val ue s of time constants for va rious step 

sizes around the 116 volt ope r at i ng po int . 
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STEP DOWN INPUT STEP STEP UP 

SECONDS VOLTS-RMS SECONDS 

.0032 . 6 .0020 

.0036 1.2 .0020 

.0035 1.6 .0022 

.0030 2.0 .0020 

.0040 2.5 .0018 

.0036 3.0 .0022 

.0040 3.5 .0020 

.0036 AVERAGE .0020 

FIGURE 31 TIME CONSTA~~ TABLE 
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As was expected, the regulator response was extremely fast. 

What was not expected was that the time constant would be independent of 

the amplitude of the step. That is, be the same for any size step input 

in the linear region of the regulator. 

Even more surprjsing was the fact that the regulator showed two time 

constants, one for an input step down and another for an input step up. 

These results were at first believed to be in error. It was felt that some 

other component of the circuit, such as a switch, was changing the regula

tor time constants. As a check, all of the components were reversed so 

that what was formerly a step up would be a step down and vice-versa. A 

new set of tests was made and the results were the same, proving that the 

regulator definitely had two different time constants and that the time 

constant for an input step down was almost twice as long as that for an 

input step up. No attempt was made to explain this phenomenon at this 

point. A discussion of the causes may be found in the conclusions sec

tion of this paper. 

Figure (32-a) is a table showing the voltage gains obtained in the 

various transient step tests. Hhile there is minor variance between each 

gain, it is felt that this was due to inexact meter reading and that the 

gain is a constant and equal to .315 volts, d.c. out/volt, a.c. Pk in. 

The transient tapes showed that the regulator reacted as an undamped 

system. Figures 32-b and 32-c are tables of overshoot analysis. Figure 

32-b shows the amount of maximum overshoot as a percentage of steady state 

output variation. Figure 32-c shows the time to reach maximum overshoot. 

While there are minor variations from step to step, there are no 

definite trends either up or down. The variattons are therefore felt to 

be slight inaccuracie s in thereadings and therespective evaluations are 
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Input Step 
Volts Peak 

0.85 
1. 70 
2.26 
2.82 
3. 5!~ 
4 . 24 
4 . 92 

I nput Step 
Vo l ts Peak 

0.85 
1. 70 
2 . 26 
2.82 
3. 54 
4 . 24 
4.92 

Input Step 
Volts Peak 

0.85 
1. 70 
2.26 
2 . 82 
3.54 
{~. 24 
4.92 

GAIN TABLE 

Output Step 
D. c. Average 

0 . 25 
Oo55 
0.70 
0.82 
1. 15 
1. 32 
1. 58 

% OVERSHOOT TABLE 

% Overshoot 
(Step Up) 

45.0% 
{~9 0 0% 

AVG. 

4).6% 
41.5% 
42.0% 
4 5. 8~~ 
45.2% 
45. 1% 

TIME TO PEAK OVERSHOOT 

Time to Peak Overshoot 
(seconds) 

AVG. 

(Step up) 

. 005 

. 005 

.005 

. 004 

.005 

.005 

.oos 

.005 

AVG. 

Gatn 
V out/ v in 

.295 

.325 

.31 

.32 

.325 
• 310 
0 315 
.315 

% Overshoot 
(Step down) 

28 . 6% 
29.1'7? 
27.7% 
27.2% 
10.0% 
29.1% 
26.5% --

AVG. 28.3% 

Time to Peak Overshoot 
(seconds) 

(Step Dmm) 

.008 

.008 

.008 

.009 

.009 

.009 

.009 
AVG. • 0085 

FIGURE 32 TABULATION OF TRANSIENT TEST 

RESULTS 
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believed to be constants at the average value. 

Both tables clearly show that there are two different criteria in 

volved, depending on whether the step is up or down. It can be seen that 

the step up is much more underdamped and much faster than the step down. 

It is also noted that a ratio of; time constants, percent overshoot and 

time to maximum overshoot between the step up and the step down is es

sentially a constant. 

Figures 33 and 34 are sample tapes of the transient tests. All 

tapes were run at 500 mm/second. Figure 33 shows the response to steps 

up and down in the linear region. They clearly show the system underdamp 

ing and the variations between the response for steps up or down. 

The tapes also show a very high noise level. It was this noise level 

that made it difficult to get an accurate analysis of the transient data. 

This noise is some function of the generator input and is believed to have 

its origin in the commutator bars of the generator exciter. Several attempts 

were made to remove this noise signal, but none were successful. 

Figure 34 sloHs sample tapes of the transient response when the re

gulator is driven to "cut-off" and "saturation". All of the data pre

viously mentioned was pertinent only to the linear region. 

The phenomena of saturation and cut-off were discussed in Charter II. 

The tapes of Figure 34 show some of the characteristics of these limiting 

cases. It is evident that in coming out of either saturation or cut-off 

to some linear voltage, a good transient wave shape is obtained. These 

wave shapes are in agreement with the linear transients. When, however, 

the step was made from the linear region to saturation, an entirely dif

ferent situation occurred. The transient waves contain dips and level 

spots and in general a variety of unpredictable shapes. Further, when the 
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INPUT STEP UP 
INPUT S'IEP DOWN 

FIGURE 33 TRANSIENT TAPES FOR LINEAR OPERATICN 
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same step was taken into saturation several times, no two transient wave 

shapes were alike . The most important variations however~ wer~ in the 

time constant evaluation in driving to the saturation limit. It was noted 

on the tapes t hat the regulator drives to some level and then remains thE re 

for an indefini te pe riod of time and then drives on to a higher saturation 

level. This irregularity is believed to have its basis in the thermal 

prope1t ies of the transistors and thermistor of the regulator. It is 

important because of the very long apparent time constant required to drive 

the regulator to complete saturation. 

Consi der ing these factors, the following conclusions can be stated 

about the limiting r egions. First~ gain has little signi ficance because 

no matter how big a step input~ the output is the same if the regulator is 

driven to either "saturation" or "cut-off". Second ~ a ny step which is of 

sufficient magnit ude to dri ve the regulator to its saturation limit, eviden

ces a relatively l ong time constant in driving to comple te saturation. 

This long time constant, which i s a function of the thermal propertie s of 

the regulators components, was not analyzed because it was seen to vary 

slightly in its transient curve when repetitive steps of the same magnitude 

were applied. 

B. The Frequency Response Tests. 

A second major method of servo analysis testing is the frequency 

re sponse test. This is a steady state component analys is. It is ac

compl ished by apply ing a constant amplitude sinusoidal signal~ which is 

varied through a range of frequencies, to the input of the component being 

tested. For each input frequency, the magnitude and phase shift of the 

output sine wave is read out. The frequency response furnishes informa

tion on the transfer function of the component. Or, if the component is 
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non-linear 7 the frequency response test can furnish a linea r approxima

tion of the component known as the describing function . 

To obta in a series of frequency response tests on the voltage regula 

tor, it was necessary to modulate the 400 cycle/second, three phase input 

vol t age wi th a variable low frequency singal. As with the transient re

sponse t e s ts, the problem, at fLrst glance, seeme triv ial. As the eva l ua

tion progr e ssed , however, various difficulties presented themselves so 

that severa l me tho ds were attempted before a satisfactory evaluation could 

be made. A br i ef d iscussion of the unsuccessful methods of frequency r e 

sponse tes t i ng fo llows. 

A modula t ion frequency range of from 0 . 5 to 100 cycles/second and 

modulat i on ampl itude range of from 0.5 to 7.0 volts peak was considere d 

adequa te . I t wa s felt that the easiest way to accomplish this would be 

to use an a mp lified function generator to modulate the exciter field in

put o f the main generator which would in turn produce a modulated three 

phase, 400 cyc l e output. 

The circuit wa s set up and the modulated generator 01 tput was applied 

to the regulator. For any given modulation frequency, the input to the 

r egu l a t or a ppeared to be a very good sinusoidal approx imation, In at

tempting t o run the tests~ however, it \vas found that there were variations 

in the gene rator output voltage because of either generator drift or a d.c . 

fie l d drift. Th i s meant that it was impossible to maintain a constant 

basic generato r output operating point. Since the regulat or was extremely 

sensitive to generator voltage variations, these minute deviations of the 

gene rator rm s voltage caused the regulator output signal to lose its sign~ 

ficance for fre quency response analysis. 

To e liminate the generator terminal voltage variations , it was neces

sary to use a second voltage regulator to stabilize the generator output. 
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This meant that it was no longer rossible to apply the modulation signal to 

the generator exciter field. It was therefore, necessary to modulate the 

voltage signal between the generator and the voltage regulator being tested. 

The first attempt to accomplish this modulation consisted of con

necting the three phase generator output in series with the output of a 

three phase rotating sine wave generator whose output frequency could be 

varied by varying the speed of its prime mover rotation. It was felt that 

the electro-motive force generated by the three phase sine wave generator 

could be used to modulate the 400 cycle input to the regulator. When this 

system was tested, however, it was found that the generator did not modu

late as expected . Rather , several undesiteable frequencies were produced 

and the idea was discarded. 

A second attempt to solve this problem was made using electronic cir

cuitry. Three 6L6 po,ver vacuum pentode tubes were connected together as 

triodes with their cathodes common. The common cathode was then biased to 

about -200 volts d.c. and connected to the netural wire of the generator 

output. The grids of the three tubes were also tied together and then bias

ed negatively with respect to the cathode. The plates of the respective 

tubes were then connected to each ot three phases of the generator output. 

By placing a sine wave generator in the common grid circuit it was 

possible to have the tubes draw sinusoidal current from the lines whose 

frequency was dependent on the frequency of the sine wave generator in 

the grid circuit. Then, by placing a resistance in series in each of.the 

lines at the output of the generator~ the variable current drawn by the 

tubes would cause a sinusoidal voltage drop in the resistors and the net 

results would be a modulation of the voltage input to the voltage regulator 

being tested. 
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This method w:>rked satistactortly tor ver-y small modulation signals. 

Unfortunately ~ it was impossible to enlarge the magnitude of Lhe modulation 

signals by e.ither increasing the number of vacuum tubes or enlarging the 

series resistances in the lines. 

The reason that additional vacuum tubes could not be paralleled into 

the c ircuit was that the 400 cycle line (plate) voltage varied over a 

range of 325 volts peak to peak. This large voltage vartation meant that 

the tubes were driven to their extreme limits of linear operation and to 

obtain a sat isfactory sinusotdal current va riation, grid current had to 

be drawn some time in the cycle. These very tight tolerances made it im

possible to saLisfactor ily parallel any appreciable number of tubes into 

the circuit. 

It was found that when the line resistance was increased to larger 

values, the voltage regulator went into an unstable condition. The reason 

for this was that it was necessary to adjust the generator terminal vol

tage to allow for the voltage drop through the resistors and then leave 

the correct voltage at the terminals of the test regulator. The current 

drmvn by the regulator Y-7as dependent. on the input voltage t.o the regulator. 

Therefore, if too high a voltage were set at the generator termj_nals the 

regulator would draw little current and there would be only a small volt

age drop acro ss the series resistors and the regulator ,.,ould drive to "cut

off". If , on the other hand, the generator termiP..al volt~ge were set 

lower and the regulator placed in the circuit, a much larger current would 

be drawn by the regulator causing a larger voltage drop across the resisto rs 

and the regulator 'l;vould drive to 11 satut-ation." 

It was experimentally found that a value of 10 ohms series resistance 

in each line was the maximum that could be usea and still matntain the 
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stability of the regulalot. Stnce this was insufticient to give a satis

fa c tory amp litude of modulation the vacuum tube circuitry was discarded. 

Seve ral attempts were then made to modulate the neutral wire of the 

generato r out put. Since little current was drawn in the neutral line, 

i t was f elt t hat it should be possible to vary the neutral wire s inu soida l

ly with r es pect to ground thus modulacing the input to the regula tor. Th is 

method was also unsuccessful because the impedance of the test circuit to 

low frequen cy s ignals was very low and the modulation could not be su stain

ed without large cur rent variations. 

Finally, it was decided to use the scotch yoke described in Chapter II, 

to modulate fu e s i gnal . Figure 35 is a circuit diagram showing the complete 

test circuit emp loying the scotch yoke . The 400 cycle signal modulat i on 

was a ccompli shed by the sinusoidal modulating current drawn by the vary -

ing resistors in the scotch yoke. This current causes a sinusoidal vo l t 

age drop acros s t he three small line resistors and thu s a modulated s i gnal 

was obtained for the input to the test regulator . A photograph of t he 

test set up was t aken and is shown as Figure 36 . 

Using this t est circuit, families of frequency respon se test s we re 

taken in the f requency range from .5 cps to 30.0 cps. A series of tests 

was made at each different magnitude of modulation irom 0.5 volts peak to 

peak to 10. 0 volts peak to peak. A complete family of tests was made at 

every i n tegrea l rms voltage input from regulator "saturation" to regulator 

11 cut-off 11
• 

The fre quency response evaluations were read out on a high speed Brush 

recorder. Two channels were used, one for regulator input and one for 

regulator output . Upon completion of the tests» the data was evaluated 

and put on a Bode djagram which is sho,~1 in Figure 37. 
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The first point \\7hich is immediately apparent i.n the Bode diagram 

is that there is no break in gain nor any variation in the phase shift 

out to the limits of measurement; which was 200 radians/second. In view 

of the time constants shown in the transients section of this chapter, this 

result is not surprising. Since the time constant is the ceciprocal of 

the break frequency, it was not expected that a definite frequency break 

would occur below 300 radians per second. 

A second point of interest, was that there was no variation in the 

gain of the frequency response regardless of the magnitude of the modulat

ing signal or of the 400 cycle voltage input operating point, as long as 

the opera ting point was within the linear range of the regulator. Thi s 

constant gain in the linear range is al so verified by the transient response 

tests shown earlier in the chapter. 

Figure 38 shows an experimental curve of the variation in d. c. regula

tor output voltage for various 3 phase, 400 cycle input voltages. The re

gulator linear r egion is that portion of the curve from 154 volts to 167 

volts E in. The regulator operating point of 163.5 Volts (116 J 2 rms) 

is located in this region, but not at the midpoint of the range. Rather, 

it is located well down toward the cut-off limit of 167.5 volts. At 

slightly under 154 volts input, the output voltage runs out at a very 

high gain to the saturation voltage of 14.8 volts d.c. 

This curve shmvs the reasons for the gain vad c-! tions shmvn on the Bode 

diagram. As expected, when the gain was increased beyond the linear range, 

the first non-linearity became apparent. This non-linearity was a wave 

distortion and gain reduction because of the cut-off limit. As the modulat

ing signal was increased further, the gain was further reduced and the out

put wave even more clipped by cut-off. 
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Eventually, a modulating signal of large enough magnitude was applied 

to reach both saturation and cut-off. At this time, the saturation non

linearity became apparent. This was evidenced by a sharp increase in 

gain and a pronounced increase in the saturation side of the output wave. 

The reason for the gain increase was the very high slope of the line from 

the linear region to saturation. As the modulating signal was increased 

beyond this point, the gain began to fall off slowly again because both 

"saturation" and "cut-off" were the limits of the regulator. 

The effects of saturation and cut-off are readily seen from the Bode 

diagram of Figure 37. It can further be seen that the only effect of these 

limiting cases is a gain variation. That is, all phase shifts for any 

magnitude of modulating signal remained at 180° throughout the frequency 

range. 

From the Bode diagram, therefore, it would appear that the voltage 

regulc-tor responds as a degenerative gain feedback, the magnitude of whose 

gain is dependent on the terminal voltage variation. 

This, however, is not exactly the case. The reason for this was that 

the mechanical limitations of the scotch yoke made it impossible to increase 

the modulation frequency beyond 200 radions/second. It was known from the 

transient response data that there definitely was a measureable regulator 

time constant and therefore a break frequency. This indicates that the 

regulator was not quite a pure gain as it appeared in Figure 37. 

Further, evidence of the two response times previously discussed in 

the transients section of the chapter again became apparent This was 

verified by noting that for low modulating frequencies, the output of the 

regulator was a pure sinusoid. As the frequency was increased, however, 

the output wave gradually became more distorted because it took the output 
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wave progressively longe r to ge t to its positive peak than it did to get 

to i ts negative peak. This phe nomenon became more apparent as the frequency 

was i ncrea sed toward the break frequency of the slower time constant. 

Figures 39 , 40, 41 and 42 are Brush recorder tapes, for a 116V line 

to neutral ba se operating point, showing the various output wave distor-

tions for variou s magnitudes of sine wave modulation. As was true wi t h 

the transient t e sts, the Brush recorder severly attenuated the input and 
g 

output signals. Oscilloscopes and meters were therefore used to assure a 

constant amplitude input and to verify gain evaluations. All the recorder 

tapes also show l a rge noise levels which are believed to be a function of 

the generator excite r commutator. 

The series of t apes in Figures 39 and 40 show two d ifferent magnitudes 

of modulation in t he l inear range. The only non- linearity appearing in 

these tapes i s the graduc 1 deviation from a sine \vave with increasing f re-

quency because of the two component time constants. To allow more tape s to 

be shown on the same page, no samp l e s of the i npu t wave are shown in t he 

figures. Therefore , no indication of phase shift phenomena can be ob served . 

A careful st udy of all tapes was made, however, and on no run was there the 

slightest indicat ion of any phase shift other than 180 degrees. 

Figure 41 shows a series of tapes whose modulation magnitude was 

sufficient to drive the regulator to ''cut-off" but not to saturation. 

All tapes show the pronounced clipping of the cut-off region and also, to 

a lesser extent, t he distortion of the two time constants was once again 

apparent. 

In Figure 42 a large amplitude modulating signal was used and the 

regulator was driven to both saturation and cut-off. Lines have been 

drawn through the zero point of these tapes to indicate the very large 
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output voltage of the regulator when it ts driven to saturatton. This 

large saturation voltage partially obscured the cut-off and time con

stant distortion of these waves, but careful scrutiny of the tapes will 

show that they are still there. 

Several frequency response tests were taken with a small resistance 

inserted into t he dummy load and the output read across this resistance. 

This effectively gave a response of d.c. current out versus voltage in. 

T~ese current responses were much like the voltage tapes with the exception 

that they showed a break frequency ~lsich corresponded to the L/R time con

stant of the dummy load indicating that the regulator output current was 

dependent on the regulator load. 

In summation it may be said that the frequency response verified the 

transient response data indicating two time constants. Furhterj the fre 

quency response indicated several non-linearities in the regulator gain 

because of the saturation and cut-off limits. If a plot of this describ

ing function were made on a Nichols Chart, it would appear as a straight 

line of gain variation on the 180 degree axis. The effect of the two 

time constants on this describing funct ion plot can not be predicted be

cause of the lack of sufficient data in the high frequency range. 

No attempt was made to get an analytic expression for this describ

ing function, because along with the other regulator non-linearities, the 

regulator is disymmetrical about the zero point of the voltage characteris

tic curve. This disymmetry gives rise to a very complicated analytic equa

tion for the regulator describing function and hence the derivation was not 

considered useful. 
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CHAPTER V 

SYSTEM TESTS 

A. System Definition and Regulatton Performance 

Thus far the analysis as described in previous chapters has been 

confined to testing of individual components. But, a feedback control 

s y s tem, the aspect considered in this paper, may be defined as a control 

system in which the difference between a reference input and some func

tion o f the controlled variable is used to supply an actuating signal 

to the control elements. It logically follows that the progression of 

expe rimen t s should now include the regulator in its rightful position 

with respect to the alternator. Hence, the closed loop system is now 

to be defined and analyzed. 

Figure 43 illustrates in block diagram form~ the closed loop sy~tem 

used. Several deviations from normal feedback control 0y stem definitions 

were requ ire d in this system. The speed of the generator was considered 

to be constant in all cases except where the contrary is noted. The r e

ference inpu t to the system was the potentiometer setting (R-10, Figure 8 ). 

Howeve r y since this reference was a constant for normal operation of this 

system, v a rying this input in the testing would have had little physical 

signif ica nce to the system performance. 

As seen previously, the regulator operates as a pure. gain over a 

c onsiderab l e band\vidth when operated within the linear portion of the 

voltage ga in characteristic. The closed loop analysis, with the gener

ator bein g cons i dered linear over the narrow operating range~ was expect

ed to fo l l ow linear control syqtern theory. With the aid of the closed 

l oop a n a lysis the system performance was investigated and more specific 

c onsiderat ions of regulator performance were made. 
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The true test of a regulating scheme is its performance in its 

designed function, namely regulating a generator terminal voltage over 

a variation of loads. Hence, diverging from the servomechanism concept, 

a regulation curve was obtained . A variable, unity power factor load 

was imposed upon the generator both with and without the regulator in place. 

Figure 45 shows the graphical test results. Due to overloading of the 

prime mover arrangement, no data could be obtainted at greater than half load. 

This limitat ion also necessitated running this test in a manner to add 

load to the generator in its unloaded condition. This was contrary to 

normal machine testing procedures , however, this procedure was satisfactory 

to illustrate the effect of the regulator. The results obtained did in

dicate the effectiveness of the regulator in its steady state performance. 

While running these tests the variable speed drive was constantly 

adjusted to maintain the output frequency (and hence the generator speed), 

at l~OO cycles per second. Thus the operational environment of a "stiff" 

drive was maintained. Also, a constant field voltage was ma intained for 

the unregulated test. 

It can be noted from the characteristics of Figure 45 that the 

regulator per forms well within its rated + 2% regulation tolerance. 

B. Generator. 

In order to close the system and to predict the results , it was 

necessary to determine a transfer function for the generator. Experi

mentally this was done with frequency response tests and internal circuit 

transient tests. In theory, the complexity of the synchronous machine and 

its transient behavior was prohibitive. In this resp~ct, very little was 

known about the generator , its windings and structural details. The testing 
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assumed a constant speed source. Due to lack of ~pecific information 

about the genera tor a mathematical approach to the transfer function was 

not attempted. It was felt that the experimentally determined data would 

be more useful since analysis of the generator was not of primary im

portance. 

An additional problem in this phase of testing was the integrally 

mounted exciter with the generator. Clearly, representation of the 

machine by a semi-equivalent circuit diagram was desirable. Ho\vever, for 

the ans\vers required, it was deemed ~nnecessary to go this deeply into 

synchronous machine circuitry and theory of performance. As illustrated 

in Figure 44, the machine was broken into two sections for the transient 

tests at points aa and bb. 

The exciter was investigated first. A d-e voltage was impressed at 

aa, and with appropriate metering of the voltage and current, the resistance 

was determined. Next, 6) cps a-c voltage was applied at aa and the im

pedance of the circuit was found. These tests were made with the machine 

rotating at rated speed of 8000 rpm. By the simple relationship bet\veen 

impedance, resistance and reactance~ it was determined that the circuit 

had a resistance of 5.3 ohms and an inductance of .114 henries. The time 

constant of this circuit, defined as the ratio of inductance to resistance, 

was .022 seconds. To verify these results, a series of dynamic tests were 

taken. In the dynamic tests, a step of d-e voltage was applied at aa and 

the voltage variation at bb was recorded on a pen type recorder. The result

ing tapes showed an overdamped system with a time constant of .02 seconds. 

This time constant agrees with that obtained in the previous test. Addi

tional tests run with d-e meters in both test points showed a unity voltage 

gain for the exciter. 

The generator proper was tested somewhat similarily. Applying both a-c 
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and d-e voltages at bb produced info rmation t o give the resistance and 

inductance of the circu i t a s i n the previou s case. The se values were 

found to be a resistance of . 5 ohms and an inductance of .00944 henries. 

The time constant produced by th~s combination is .0189 seconds. To 

determine the gain of the generator, a d-e voltage was impressed at bb 

sufficient in magnitude to produce voltage of 115 volts, rms line to neutral, 

at the output of the generator. The input voltage was determined by meter

ing \vhile the output was read, peak to peak, on an oscilloscope. The input 

voltage was varied in small amounts to give a range of output voltages 

about the designed operating point. The voltage gain of each setting was 

determined by a simple ratio of peak voltage over d-e voltage, and then all 

the runs were averaged to obtain a constant gain figure for this narrow 

operating range. This gain \vas determined to be 63.4. The difference in 

voltage gains in the range of output voltages of 110 to 118 volts rms, line 

to neut ra 1, was only • 2; hence, it \vas fe 1 t that the gain taken, and taken 

as linear over the range in question, was a reasonable approximation. 

Having determined the gain and time constants for each section of the 

generator, verification of the generator characteristics was done with a 

frequency response for the complete unit. Figure 46 shows the equipment 

and its arrangement for the frequency response testing. 

Due to the power requirements of the exciter and the fact that it re

quired a d-e level, some difficulties were encountered. It would have been 

a simple matter to superimpose an a-c signal upon the d c level if a suit

able sine \vave generator had been available· that is , a sine \vave generator 

with sufficient power output. Since such equipment was not available , it 

was necessary to interject an amplidyne generator to amplify and combine 

the input signals. A minor problem encountere d in this arrangement wa s the 
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brush noise of the amFlidyne generator . To effectively circumvent this 

problem, a calibration curve was made and used to control the input to the 

exciter. Thus knowing the input sine wave magnitude and having the ability 

to maintain it constant, the output modulation magnitude was read from the 

oscilloscope. Phase shift was unattainable due to the amplidyne noise. 

Fi gure 47 shows the results of the frequency response test plotted in the 

normal Bode diagram form of gain in decibels versus frequency in radians 

per second. The asymptotes, shown as dashed lines, were obtained from the 

previous tests and show that the experimental accuracy of the frequency 

response corroborated the transient tests. The initial gain of the re-

s ponse was 36.8 db ~hich corresponded to a 63.4 voltage gain. The Bode 

diagram of Figure 47 was an average of several responses taken at dif-

ferent input magnitudes. 

The Bode diag ram shows a second order transfer function for the gener-

ator as was pred icted. The ac tual response approaches a 12 db per octive 

slope at the h igher freq uencies. Using the frequency response for verifi-

cation and the transient data for ac tua l break frequencies, it was possible 

to write the transfer function for the generator. The break frequency in 

radians per second is the reciprocal of the time constant in seconds. The 

linear transfer function thus obtained 't.ras of the form: 

\..There, 

\\SJ gain 

are time constants 

Substituting values obtained gives 
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C. System Function. 

At this point, having developed the "linear'' transfer function for 

the generator and a fun ct ion for the regu lator in the previous cha pter, 

a system characteristic function could be determined . A relationsh ip 

between the change of system terminal voltage with respect to load current 

and time was desired. 

In order to proceed analytically, it was necessary to define, more 

specifically, the system parameters involved. Thus Figure 48 shows the 

system in detail with corresponding definitions. 

Since, as shown earlier, the non-linearity of the regulators was es-

~ entially a gain change that was dependent upon the input magnitude, and 

that the 180 degree phase shift was constant, the system as shown in Figure 

48 held for ail magnitudes of terminal voltage change. For magnitudes of 

change sufficient to drive the regulator out of its linear region, the 

term G would h ave a value other than as defined in Figure 48 and \~ould 
reg 

be a variable. The development done and included herein was for the linear 

system where G was constant. However, qualitatively from the function 
reg 

as developed, the operation in the non-linear regions of operation for 

the regulator were predicted by appropriate ly considering the increase or 

decrease of G 
reg 

The expression for V (t) indicates that a step change in the load cur
o 

rent would produce a damped sinusoidal change in terminal voltage with a 

final constant value only slightly different from zero. The time constant 

of the damped sinusoid showed that the decay was very rapid, even though 

the initial displacement approximated I r • 
a a 

In the expression, 
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A.e 

Definitions: 

rpn 

G gen 

G 
reg 

V + AV 
0 0 

K :::.. Constant regulator output to give V ll6 volts; K 2.46 volts 
0 

6, e ~ .:!:. variance of regulator output with respect to K 

Vin ~ Input to generator exciter 

Ed :: Generator developed voltage less residual 

E :: Residual voltage output of generator 
r 

I == Annature current a-
r == Armature resistance a-
V :: Normal output voltage 116 volts nns 

0 

b V ~ + change in V from 116n volts 
0 - 0 

G gen-
(so0189 + l)(s.022 + 1) 

o315 

E = 8 voJts r 

FIGURE 413 

for "linear'' region of operation 

SYSTEM BLOCK DIAGRAM 
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Relationships: 

Yc r b,. V0 == E. ·- I,L t'a.. 

E EJ +E.,. 
Note: All quantities are 

functions of the 
laPlace variable s. 

For inputs of sufficient:y small magnitude and relatively slow 

frequencies which wou7d maintain a "linear" system, the first term 

of the above equation is approximately zero. 

Hence, 

which rearranges to 

!':::.. Vo = - I ... ~-'n [1 
Vfuere the load is applied in step fashion, I (s) has the form 

a 

1. S I giving 

19.9S Iu. t-'o.. 

In standard form is: 
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where: 

The inverse transform is, 
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the term in the pa r entheses, for l ow frequencies , took t he fo r m: 

" ·~ ,._ \' c: ~ 
1." "'I<.. ',,Jj,_,y 

This attenuati on fa c tor was applied to the armat u re d rop with re-

spect to the terminal voltage. Thus if I was changed sinusoidally, 
a 

at low frequencies, the attenuation prevented significant terminal 

voltage variations. Even higher frequencies were attenuated by a large, 

but decreasing value. The attenuation factor was evident in several 

system tes ts, and predicted a good performance for the system . 

D. System Dynamic Testing. 

It was desired to investigate the system response to st e p application 

of different pm11er factor loads to determine the effect of the power factor 

upon response. Two loadings were chosen; unity and .75 power fac t or. The 

diagram of Figure 49 represents the equipment configuration for both sets 

of tests. The procedure is evident from the equipment used. A load of the 

specified power factor was switched on or off the system. The recording 

oscilloscope was triggered electrically by the switch which had a mech-

anical time advance incorporated in order to obtain the full response. 

Photographs were obtained \17ith a Pollaroid camera mounted upon the oscil-

loscope. Satisfactory pictures were obtained using an open shutter; the re-

fore, the camera did not have to be synchronized to the switch . 

The procedures involved in this test presented no great diffic ulty. 

However, due to the laboratory set-up one unrealistic condition d i d exi s t. 

The induction motor used to drive the generator was rated at on l y 7-1 /2 

horse power and the generator drew over 13 horsepower at ful l load . Hence, 

full load conditions could not generally be tested. And , with a ny s ignifi-

cant loading, there was a definite speed reduction by the motor . The s peed 

changes were not determined explicitly, but the electronic freq uency meter 
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was used on the output of t he gene rator to i ndicat e speed change s through 

frequency variation s . To protect t he regulato r, load varia t ion s which 

dropped the frequency be l ow 380 cycles per second we re r1ot sus t ained . 

Variations of this magnitude were observed with loading at about 16 amperes 

per phase. 

Figures 50 and 51 show photographs of the system terminal voltage 

taken during this test for both power factor conditions. As could be 

seen from the photographs, the accuracy of the transient re sponse data was 

limited, in the high slope regions, to the time displacement of the peaks 

of the 400 cycle per second voltage . However, the results were very sati~

factory. 

F gures 52, 53, 54, and 55 are tra nsient responses for the system for 

load application and removal for both power factor conditions. That the 

system reacted as a damped sinusoid, as predicted earlierj was quite evi

dent. Also evident was the effect of a lagging power fact or load. In 

Figures 54 and 55, the overshoots and settling times were much greater than 

for the unity power factor case. In all cases, the effect of prime mover 

speed variations was evident in the final values to which the system set

tled. 

The correlation of these results with the system function as developed 

previously was attempted. Though exact correlation was not obtained, the 

correlation was considered good within the limits of experimental accuracy. 

E. System Frequency Response Testing. 

Having completed the series o f t ransient tests , frequ ency re sponse 

tests were undertaken. In order to conduct these tests ~ a con trolled 

frequency signal of desire d magnitude had to be imposed upon t he system. 

83 



A. Load Application Phase Current : 15.5 amps 

B. Load Removal Phase Current = 15.5 amps 

PHOTOGRAPHS OF SYSTF..!\1 TRANSIENT RESPONSE 

Power Factor = 1 

FIGURE 50 



A. 

B. 

Load Application Phase Current = 14.1 amps 
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Two points of interest we re considered for injection of a signal. First, 

the system load was varied sinusoidally to obtain a sinusoidal variation in 

the generator output current. Second, a sinusoidal signal was superimposed 

upon the input to the exciter field (the out put of the regu lator). It was 

anticipated that both these testing procedures would provide interesting 

and correlat ing data, either quantitatively or qualitatively. 

1. Load Variance Tests. 

In order to obtain a sinuso idal variation of the generator 

output current, it was necessary to obtain a load configuration that could 

be varied sinusoidally . It wa s finally decided to use an arrangement similar 

to that used in the regulator testing. In that previou s test, the scotch 

yoke was used to sinusoidally vary a resistance through the control of the 

moving contact of a potentiomete r. It was anticipated tha t a load current 

variation of at least 5 amperes peak to peak wou ld be necessary in order 

to attain a significant variation in the generator terminal voltage. As 

mentioned before~ the potentiometers used with the scotch yoke had a current 

limitation of .3 amperes, hence, they were unsuitable. 

The limited torque transmitting capability of the scotch yoke 

also required careful selection of a load to be driven. A General Electric 

Diactor Voltage Regulator was obtained and dismantled, and the carbon pile s 

of this regulator were connected through linkage s to the scotch yoke. The 

carbon piles were connected in a three phase Y and a current limiting re

sistor of 15 ohms was placed in each phase. This arrangement provided a 

satisfactory sinusoidal load variation. The sine wave consisted of dis

crete steps; however, by careful adjustment of the pressure applied to the 

carbon piles the waveform averaged to a good sine wave. 
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At this point, the load wa s app l ied t o the sy~tem The 

terminal voltage of t he genera tor wa~ obse r ve d with a n oscilloscope. The 

magnitude of the current va riat ion was set to 8 ampe res peak to peak and 

the freq uency range was run up t o 20 cycles per second . No t e rminal volt 

age variation could be observed . 

An example of this result is seen in Figure 56a , b & c. 

Figure 56a shows the unregulated generator terminal voltage with a load 

current variation from 6 to 12 ampere s at a frequency of 8-1/2 cycles per 

second. Figure 56b shows the generator terminal voltage of the regulated 

system with no load variation. Wh i lej Figure 56c shows the regulated 

generator terminal voltage with the same loading as imposed in Figure 56a. 

Higher current variations were attempted, however, loading 

of the prime mover for the experimental set-up occured wLth the h1gh cur

rents. Even under these conditions the sinusoidal variation could not be 

observed. 

The qualitative results of this test indicated very good 

performance by the regulator. That is, the regulation is sufficiently fast 

to obscure a 30 cycle per second oscillation in the load. However, no 

quantitative analysi s could be made from this te st j since no data could 

be obtained. 

The explanation for the behavior of this system could be 

seen from the analytic approach to the system. As mentioned be fore ~ the 

armature voltage drop was attenuated by a factor of 20 with r e spect to the 

terminal voltage variation at low frequencies. The termina l voltage varia

tion was present; however, due to this attenuation factor it was reduced in 

magnitude below the noise level of the system. 
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The f r e quency of l oad variat tons a ttainable was limite d, as 

with the regulator t e s ts 1 t o t he mechanical l i mitations of the s cot ch yoke 

which was 30 cycles pe. r second . With frequenc i e s in the range o f 40 cycles 

per second, it was felt tha t t he attenuation factor would have been reduced 

to an extent where the terminal voltage variations would i ncrease. The 

final tests on the system substantiated this theory . 

2. Field Modulation. 

Modulation of the exciter field presented several problems. 

Since, as shown previously, the 1egulator was load sensitive it was nece s

sary to insert a minimum of change to the regulator output so that the 

regulator \vould perform correctly. Add it iona lly, a high frequency, mode r

ately powerful modulation source was needed. 

In an attempt to prevent inc r ease of the resis t ance load on 

the regulator, a transformer was used with the secondary in series with 

the field of the exciter and the primary to a function generator. This 

system, though feasible and productive, had insufficient power to produce 

a reasonably large magnitude of terminal voltage variation. 

An attempt to use the rotating sine wave generator was made. 

Since the armature coils of thls three phase generator were accessable and 

isolated from one another, it was possible to connect one of the coils in 

series wit h the exciter field. The armature coils presented less than .5 

ohms to d irect current. This sys t em had been attempted previously to 

modulate a 400 cycle per second signal rather than a direct current signal 

and the results had been poor. However, this combination of sLgnals worked 

quite well and this system was powerful enough to give reasonable tet~inal 

voltage variations. 
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By individually aajusting the field current upon the direct 

curr ent drive motor and the sine wave generator, the frequency and magnitude, 

r e s pect ively, of the modulation signal could be adjusted as desired. 

Figure 57 is a schematic diagram of the complete test cir,uit. 

In the t ests run, modulation amplitude of the system output was maintained 

constant for all frequencies for each run . The magnitude of modulation to 

the e xc iter field was altered with the sine wave generator field control 

to maintain t he output modulation constant. This variable modulation 

magnit u de wa s read across the series coil on the pen type recorder. Attemp ts 

to read a cross the exciter field were made. Due to the changing direc t cur 

rent l e ve l of the regulator output as combined with the sinusoidal va r ia

tions a n d the effects of a large noise signal superimposed~ the data de

sired coul d not be obtained from these tapes. Hence, it was necessary to 

r ead the modulation as s hown in Figure 57 and then in ana l yzation of the 

data to i n terj ect the attenuation factor for this combination to obtain the 

true input magnitude. 

The dat a obtained in the above manner was normalized and 

adju s ted b y the attenuation factor and is presented in Figure 58. 

The data plotted was very interesting and was predicted from 

the prev i ous testing. The system exhibited the characteristics o f a second 

orde r syst e m. That isj there was a resonant peaking at the approximate un

damped natura l frequency of the system, which was sho\m to be about 224 

radian s per second. In addition~ the damping ratio of the system depended 

upon t he input magnitude of the modulation, the frequency of peaking did 

n ot. The higher magnitudes of modulation presented an interesttng gain 

phenomena. As the modulation magnitude increasrd. the regulator was driven 

into t he saturated region (refer to Figure 38) a nd remained in saturation 
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for a greater percentage of time per cycle. Since operation into and 

out of saturat ion was shown to be a function of t ime dependent upon some 

internal run -mvay condit lon~ \vhen the regulator was driven into satura-

tion at high frequencies, it did not have time to escape saturation. Hence, 

the output of the regulator became a high constant and the system reverted 

to a quasi open loop system. As the magnitude of the modulation increased, 

the frequency at which the system exhibited this characteristic decreased. 

At these frequencies the gain of the generator is quite small; hence, the 

system gain, when the system reverted to this quasi open loop state, drop

ped off abruptly. 

It was deemed inadvisable to proceed with tests in the range 

of modulation amplitudes that saturated the regulator since the adverse ef

fects of the input signals to the regulator was questionable . Attempts to 

continue tests with a smaller magnitude of input modulation were thwa rted 

by the magnitude of a SO cyc le per second noise signal that obliterated 

the useful data. Hence, the analysis made, was made on the basis of the 

information shown in Figure 58. 

It was observed that overlaying of the gain response curves 

in the region of 100 cycles per second with respect to a fixed point would 

produce a straight line on the Bode diagram. This was equivalent to say

ing that the describing function of the regulator would plot on the Nichols 

Chart as a vertical straight line. This was the same conclusion reached in 

the regulator testing chapter. 
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CHAPTER VI 

DISCUSSION OF RESULTS AND RECOMMENDATIONS 

A. Summary of Results 

From the previous test chapters, it may be said that the regulator 

acts as essentially a pure gain, degenerative feedback component. Al

though there are time constants in the regulator, they are so much faster 

than the generator time constants that they may be considered as insignifi

cant. 

The regulator shows two definite time constants and hence two dif

ferent responses to a variation in voltage; depending on whether the varia

tion is up or down. Both of these responses are generally of the same 

type, differing only in magnitudes. Both responses show the characteristics 

of an underdamped system. 

It may be further said that the limiting regions of cut-off and satura

tion are of little significance during normal operation. It was found that 

it took a load variation of one-third of normal rating to drive the regula

tor to cut-off and a variation of two-thirds of normal rating to drive the 

regulator to saturation. It is not expected that these variations would 

be found in general usage. Also» when a large load was applied which drove 

the regulator to its limits, the reaction of the regulator was so rapid 

that it remained in these areas for only a brief period of time. 

In view of the very fast time constant already present in this regu

lator, it is felt that it would be difficult to improve the regulator along 

these lines. The gain, however) could be increased by using more powerful 

transistors. An increased gain would further increase system stability, 

but the present gain is sufficient for the system to operate well within 

military specification. 

The regulator was subjected to intensive and prolonged testing through

out its voltage range and beyond. It held up well through all these tests 
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and is still operational. It must, therefore~ be said that the regulator 

appears to be very durable. 

It was also noted that the regulator furnished corrections to varia

tions of a very small percentage of a volt in terminal voltage} indicating 

a high degree of sensitivity. 

When combined with its correct generator, the system demonstrated the 

characteristics of rapid response and high stability. Step variations of 

load show a terminal voltage variation indicative of underdamped system. 

Load steps were taken from no-load to 75% load and the regulator was 

capable of rapidly restoring the correct terminal voltage. Prime mover 

limitations prevented heavier lqad testing, but it seemed apparent that 

the regulator would go to the generator load limits and still maintain 

the correct output voltage. 

The system frequency response showed that the system had the character

istics of a second order differential equation with a variable damping ratio 

which was dependent upon regulator gain. 

B. Recommendations for Further Study. 

Since only one regulator was tested, it is felt that the results can

not be applied to all of the Bendix Regulators of this type. At least one 

other regulator should be tested. 

The test methods used were all valid, and it is felt that the procedures 

described in this paper would be adequate for the testing of additional 

regulators. 

The reasons behind the interesting phenomenon of the two regulator 

responses is not clearly understood. It is believed that further research 

could be done in this area. 

The limiting cases of saturation and cut-off could stand further inv~sti

gation. Of particular importance is the high power output of complete satura

tion and the possible injurious affects to the regulator of prolong(d operation 



in this region. Also, since cut-off adversely affects Lhe g~in of the 

regulator when high g<lin is needed most, an investigation of the possibility 

of moving the cut-off point further from the operating point would be worth

while. 

Throughout the frequency response tests, a great deal of the most 

significant data could not be obtained because of the limitations of the 

modulating and metering equipment. In the regulator frequency responses, 

it would certainly be worthwhile to design a type of modulator that would 

have a range to 100 cycles per second to observe the effects of the ~egu

lator break frequencies. In the system frequency testing) the design of a 

filter to eliminate the high noise level without significantly changing 

the exciter field circuit impedance \vou ld be very use fu 1. 
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APPENDIX I 

EQUIPHENT USED 

A. Instrument s Used in Recording Data. 

1. He\vlett- Packard Oscilloscope) Mode 1 120A> Ser ia 1 Number 1565. 

2. Hewlett-Packard Oscilloscope, Model 120A, Serial Number 003-30975. 

3. All en B. Dumont Laboratories Inc. Oscilloscope, Type 304H, Se ria 1 

Number 7865. 

4. Hewlett- Packard Oscilloscope Camera Y Hode 1 l96A~ Se ria 1 Number 

001-01472. (Polaroid camera). 

5. Hewlett-Packard Electronic Frequency Meter, Type 6948~ Model SOOA, 

Ser i al Number H1005. 

6 . Brush Instruments Dual Channel D. C. Amplifier, Hodel RD-5621-02, 

Serial Number 130. 

7. Br ush Instruments D. C. Amplifier~ Type BISSO, Serud Number 550-

57- 141 9. 

8. Brush Deve l opment Co., Oscillogra ph, Type Bl 202, Serial Number 

3850 . 

9 . Krohn-Hite Instrument Co. 3 Derivative-Integral~ Servo Design Filter, 

Model J~OA, Serial Numbt!r 139. 

10 . Hewlett-Packard R.M.,S. Voltmeter (VTVM 0-300 volts), Hodel L!OOA, 
\ 

Serial Number 51107. 

11. Weston Electrical Instrument Corp.~ AC Voltmeter 9 Type lS-185, 

Model 433, Serial Number 61019> Frequency 25-2400 cps, Scale 0-150 

volts. 

12. Weston Electric Instrument Corp., AC Voltmeter» Model 433~ Serial 

Number 94414, Frequency 25-500 cpsj Scale 0-150 volts. 
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13. HE:stinghouse, DC Voltrnet<::r, Iype px5. Serial Number 2320767, ~calc 

0-5 volts. 

lt~. \.Jestinghouse, DC Ammeter~ Style BA-37100-5 9 Ser1al Number 235'7194, 

Scale 0-1.5/3/15 amperes. 

15. Westinghouse~ AC Ammecer 9 Type PAS~ Style 701351~ Serial Number 2320665 

Frequency , Scale 0~50 amperes. 

16. Westinghouse, AC Ammeter~ Type PAS~ Style 701351~ Serial Number 2320667, 

Frequency ~ Scale 0-50 amperes. 

17. Westinghouse~ AC Ammeter~ Type PAS, Style 701351, Serial Number 2320668, 

Frequency 1 Sc&le 0-50 amperes. 

B. Special Equipment. 

1. Bendix Aviation Corporation 9 AC Generator» Part Number 29El9-31-A, 

Serial Number R-SSNs Rated at~ Voltage 120/208 voltsy Frequency 

400 cps~ Speed 8000 rpm, 10 kva, Power Factol . 75 . 

2. General Electric , Tri Clad Induction IvJotor, Model SK254D31, Serial 

Number KX16968, Rated at: 3 Phase, 7-1/2 Horsepower, 220/440 volts, 

20.1/10 amperes, Speed 3465 rpm. 

3. Allis-Chalmers Texrope Vari-Pitch Speed Changer~ Unit Number 310, 

Serial Number 1933. 

4. Bendix Aviation Corporation, Voltage Regulator~ Type 20836-3/A~ 

Serial Number RXl, Rated at~ 155/200 volts~ 3 Phase, Frequency 

380/420 cps. 

5. Harathon Electric Manufacturing Corp. 9 DC Shunt Motor 9 Type DS, 

Model Number DL.OH29~ Navy Specification 17H17~ Serial Number 

176013, Rated at: 1/8 Horsepower, 115 volts~ 1.3 amperes, Speed 

1725 rpm. 
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6. General Electric, r .. btJr t.mpl.idyne, Hodel SAM73AB52, Serial Num'ber 

LY 48005, 3!+50 r·pr.·, Induc~ion Motor~ Seperately Excited Generato r, 

Rated Input: 208 volts, 3 Phase, L~.4 amperes~ Rated Output. /50 

wattsj 250 volts. 

7. General Electric, Induction ~oltage Regulatorv Form HK 9 24 kva, 

60 cps, 1 hour duty~ Serial Numbers;7551745, 7571747~ 8621623. 

8. Superior Electric Co.~ Powestatj Variable Transformer~ Type 9639, 

Serial Number 916j Rated at: 50/60 cps~ 115 volts at 15 amperes. 

9. General Electric~ A-C Generatot·;; Model 5AB254B~ Serial Number 

6931040~ Rotating Sine Wave Generator rated at~ 60 cps~ 5 kva, 4.75 

kw, .9 power factor~ 3600 rpm~ 220 volt, 3 phase» field current 13.1 

amperes. 

10. General Electric 1 D-C Motor» Type B~ Model 5B284A2886, Sertal 

Number 7106193, Rated at~ Shunt winding, open duty» 115 volts, 

78 amperes. 

11. General Electric~ Diactor Recgulator, Model 3CDD33BDS~ Carbon 

piles used. 

12. General Radio Co.)) Decade Inductor.ll Type 1490-As Serial Number 864. 

13. Various resistors and rheostats. 
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